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ABSTRACT 
The response o f  two parachute systems--- 
impervious hemisphere and disc-gap-band---was 
s t u d i e d  a s  a func t ion  of wind shea r  and a l t i t u d e .  
Both systems were s imulated on a d i g i t a l  computer 
a s  r i g i d  bodies .  The computer program inc luded  
the  e f f e c t s  of Magnus forces  and v iscous  damping. 
Equat ions f o r  a parachute f a l l i n g  i n  a wind f i e l d  
a t  0 angle  o f  a t t a c k  a re  presented ,  a s  i s  a tech- 
nique f o r  determining e r r o r  a s  a func t ion  of a l t i t u d e  
on e i t h e r  parachute .  The computer program dynamic 
model and equa t ions  of motion a r e  summarized, and 
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SECTION I 
PROBLEN STATEMENT AND CONCLUSIONS 
The response of two parachute systems (impervious hemisphere and 
disc-gap-band) was s t u d i e d  a s  a funct ion of wind s h e a r  (dV /dh) and a l t i -  




F l y i n g  (Reference) Diameter ( f t . )  15.0 
Line Length ( f t . )  28.0 
Number of Lines  
T o t a l  Weight ( l b , )  
S t o r e  Weight ( l b . )  
Nominal C (dimensionless) D 
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The two parachute  systems, w i t h  p r i n c i p a l  dimensions , a r e  i l l u s -  
t r a t e d  i n  F igu res  l a  and l b ;  aerodynamic c o e f f i c i e n t s  a r e  summarized i n  
F i g u r e s  2a and 2b. 
which each parachute  descent  was simulated.  
descen t  r a t e s  vs .  a l t i t u d e  f o r  t h e  two parachute  systems. 
F igu re  3 shows t h e  form of t h e  wind f i e l d  through 
F igure  4 i s  a comparison of 
When the  f i v e  values  of V a r e  combined w i t h  t h e  f i v e  values  of 
W 
ZAh (as l i s t e d  below),  25 s e p a r a t e  wind f i e l d s  r e s u l t :  
vW 2Ah 
( f t  . / s e c . )  ( f t . )  
40 10 , 000 
60 20,000 
30 5,000 
100 30 , 000 
2 00 40,000 
1 
r 
Thus, each parachute  was subjected t o  s imulated wind s h e a r s  ranging from 
0.0015 s e c .  t o  0.08 s e c .  . The result's of t hese  computer runs a r e  ap-  
pended i n  t h e  form of d i r e c t  computer ou tpu t  l i s t i n g s ,  Analysis of t h e s e  
l i s t i n g s  has r e s u l t e d  ' in  a number of conclusions;  
-1 -1 
1, For a given parachute  c o n f i g u r a t i o n ,  measurement e r r o r  a s -  
s o c i a t e d  w i t h  a wind shear  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  a i r  
d e n s i t y  and d i r e c t l y  p ropor t iona l  t o  the  v e l o c i t y - a l t i t u d e  
g r a d i e n t ;  t h a t  i s ,  
2.  The a l t i t u d e  increment through which the parachute  f a l l s  
wh i l e  i t s  h o r i z o n t a l  v e l o c i t y  approaches t o  w i t h i n  E of the 
a c t u a l  wind v e l o c i t y  i s  a f u n c t i o n  of f a l l  r a t e  a lone.  It 
can be found by the  equat ion Ah = b(VZ / g ) ,  which g i v e s  t h e  
a l t i t u d e  i n t e r v a l  Ah, i n  which the parachute  a t t a i n s  a hor- 
i z o n t a l  v e l o c i t y  of Vw - + E(l - + l / e  ), 
s h i p s  were f i r s t  suspected when p l o t s  of t he  wind-measurement 
e r r o r  a s  a f u n c t i o n  of a l t i t u d e  were examined, These p l o t s  
showed t h e  product E p t o  be n e a r l y  cons t an t  f o r  e i t h e r  para-  
chute .  Subsequent dimensional a n a l y s i s  showed t h e  e r r o r  
equa t ion  t o  be of t h e  form given above, and f i n a l l y  a s o l u t i o n  
to t h e  d i f f e r e n t i a l  equation of motion of t h e  parachute  i n  a 
wind g r a d i e n t  (Appendix A) confirmed the " s t eady- s t a t e "  e r r o r  
f unc t i on. 
2 
b These two r e l a t i o n -  
3. P e r t u r b i n g  moments (such a s  a Magnus e f f e c t )  a r e  r equ i r ed  i n  
o rde r  t o  cause the  uns t ab le  hemispherical  parachute  t o  cone, 
r a t h e r  t han  o s c i l l a t e  i n  a plane.  
4 .  The wind-following error f o r  t h e  coning hemispherical  parachute  
i s  of t he  same form a s  t h a t  f o r  t he  disc-gap-band, w i t h  a 
2 
I '  
I '  
s i n u s o i d a l  e r r o r  component superimposed as a consequence of 
parachute  o s c i l l a t i o n ,  Th i s  e r r o r  f u n c t i o n  i s  of t h e  form 
E = (V z L/g)  (dVw/dh) + K s i n  (0 t + e )  , 
where W i s  t h e  p recess ion  r a t e  of t h e  system i n  r ad ians  per  
second. The e f f e c t  of t h i s  p recess ion  component on w i n d -  
fo l lowing  e r r o r  may be seen  c l e a r l y  i n  F igu re  10. F igu re  
16 i s  a comparison of t h e  func t ion  (Vz /g) f o r  t h e  two para-  
chu te s  s t u d i e d  and allows the  s p e c i f i c  combinations of weight 
and d rag  a r e a  s t u d i e d  t o  be compared. The d i f f e r e n c e  i n  wind- 
fol lowing e r r o r  implied by Figure 16 i s ,  i n  f a c t ,  due t o  a 
d i f f e r e n c e  i n  drag-to-weight r a t i o ,  o r  descent  r a t e ,  between 
t h e  two sys  tems. 
2 
5. F i n a l l y ,  i t  was found t h a t  t he  coning parachute  exh ib i t ed  a 
v a r i a b l e  e f f e c t i v e  drag c o e f f i c i e n t  and d id  no t  f a l l  w i th  a 
cons t an t  dynamic p res su re  over the a l t i t u d e  range s t u d i e d .  
The d rag  c o e f f i c i e n t  was found t o  vary from approximately 
0.8 a t  230,000 f e e t  t o  1.5 a t  150,000 f e e t ,  This  e f f e c t ,  
shown i n  F igu res  5 ,  6 ,  and 7 ,  i s  appa ren t ly  brought about 
by t h e  combination of l i f t ,  d r a g ,  and Magnus f o r c e s  on t h e  
pa rachu te ,  coupled with the  three-dimensional  phugoid motion 
of the system. 
3 
SECTION 11 




Ear ly  computer runs  showed t h a t  the hemispher ica l  parachute ,  when 
r e l e a s e d  a t  a l t i t u d e ,  o s c i l l a t e d  i n  a plane wi th  a t o t a l  excurs ion  of ap- 
proximately 2 45 . The system, as descr ibed  by e a r l y  ve r s ions  of the 
six-degree-of-freedom computer program, d i d  no t  have s u f f i c i e n t  c ross -  
wind per turb ing  fo rce  t o  cause t h e  parachute t o  o s c i l l a t e  i n  a con ica l  mode. 
0 
The computer program was modified t o  inc lude  the  e f f e c t s  of a 
Magnus force  brought  about by t h e  a c t i o n  of t he  c r o s s  v e l o c i t y  combined 
wi th  the  parachute  s p i n  about the  long i tud ina l  axis  of  t h e  system. The 
a d d i t i o n  of t h i s  Magnus fo rce  causes t h e  hemispherical  parachute  t o  f a l l  
w i t h  a coning motion such t h a t  t h e  path desc r ibed  by the  system c e n t e r  
of  g r a v i t y  is a h e l i x ,  w i t h  r a d i u s  and wavelength bo th  func t ions  of s p i n  
ra te .  This  o s c i l l a t i o n  i s  a type of  three-dimensional  phugoid, wi th  the  
parachute  l o n g i t u d i n a l  a x i s  main ta in ing  a cons t an t  angle  of  a t t a c k .  
Fu r the r  re f inements  t o  t h e  program inc luded  mod i f i ca t ion  of t he  
The f i n a l  v i scous  damping term be fo re  a c t u a l  da ta  runs  were commenced. 
Program i s  desc r ibed  i n  Appendix C.  
A t o t a l  of 63 computer runs  was conducted on the  hemispherical  
parachute  i n  o rde r  t o  e s t a b l i s h  aerodynamic c o e f f i c i e n t s  which would 
s imula t e  the  a c t u a l  i n - f l i g h t  observed behavior  of  t h i s  parachute  a t  high 
As a r e s u l t  of t hese  s t u d i e s  t h e  coning per iod o f  t he  hem- a l t i t u d e s .  
i s p h e r i c a l  parachute  was maintained a t  an average o f  7 seconds over t he  
a l t i t u d e  i n t e r v a l  of  i n t e r e s t .  
1,2 
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Pre l iminary  runs  on t h e  s t a b l e  disc-gap-band c o n f i g u r a t i o n  showed 
t h a t  parachute  t o  be r e l a t i v e l y  unaf fec ted  by Magnus f o r c e s ,  and i t  was 
concluded t h a t  d a t a  runs need no t  inc lude  t h e  e f f e c t  o f  sp in .  A t o t a l  o f  
33  computer runs  v e r i f i e d  t h i s  f a c t ,  and supp l i ed  pre l iminary  d a t a  on para- 
chu te  behavior .  
Ten more computer runs  were used t o  determine i n i t i a l  v e l o c i t i e s  f o r  
t h e  two parachutes  s o  t h a t  none of  the  d a t a  running t i m e  would be i n v a l i d  
whi le  t h e  parachutes  were a t t a i n i n g  t h e i r  r e s p e c t i v e  te rmina l  v e l o c i t i e s .  
The technique proved success fu l  fo r  t h e  disc-gap-band parachute ,  bu t  i t  
was f i n a l l y  decided t o  release t h e  hemispherical  parachute  from an a l t i t u d e  
of 300,000 f e e t ,  wi th  a cons t an t  d e n s i t y  atmosphere from 300,000 t o  240,000 
f e e t ,  so  t h a t  t h e  system would be  a t  t e rmina l  v e l o c i t y  when e n t e r i n g  the  
f i r s t  wind l a y e r  a t  240,000 f e e t .  
A t  t h e  conclus ion  of  t hese  computer runs ,  50 d a t a  runs  were per -  
formed i n  which each  of t he  two parachutes  was sub jec t ed  t o  a t o t a l  of  25 
sawtooth wind f i e l d s  from a l t i t u d e s  of  240,000 f e e t  t o  150,000 f e e t .  The 
wind f i e l d s  were s e l e c t e d  so they  would be i d e n t i c a l  w i th  those  used i n  a 
previous analog s tudy  of the hemispherical  parachute .  3 
I 
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Figures  8 and 9 con ta in  t y p i c a l  p l o t s  of t he  two components of  
parachute  h o r i z o n t a l  v e l o c i t y  vs .  a l t i t u d e  and t i m e ,  and o f  t h e  wind- 
sens ing  e r r o r  vs .  a l t i t u d e  and time. I n  a d d i t i o n ,  wind and parachute  
descen t  v e l o c i t y  a r e  inc luded  a s  func t ions  of  a l t i t u d e ,  and, f o r  t he  
hemispherical  parachute ,  s p i n  ra te  i s  shown a s  a func t ion  of a l t i t u d e  
and t i m e .  These two f i g u r e s  show, t y p i c a l l y ,  what i s  conta ined  w i t h i n  
t h e  d a t a  runs .  Figure 10 is  a summary o f  wind-sensing e r r o r  v s .  a l t i t u d e  
f o r  the  two parachute  systems i n  the  wind f i e l d  noted  on t h e  f i g u r e ;  t he  
pe r iod ic  n a t u r e  of t h e  hemispherical  parachute  behavior  can be c l e a r l y  
seen  from the  f i g u r e .  
Of p a r t i c u l a r  i n t e r e s t  i s  the  response of t h e  two parachute  
systems t o  wind s h e a r s  and t o  changes i n  t h e  wind-ve loc i ty / a l t i t ude  
g r a d i e n t .  Since each  parachute  i s  f a l l i n g  through a sawtooth wind f i e l d ,  
t h e  parachute  v e l o c i t y  i s  a t  t i m e s  l ess  than ,  and a t  t imes g r e a t e r  than,  
t h e  a c t u a l  wind v e l o c i t y .  This  e f f e c t  can be seen c l e a r l y  i n  Figure 11. 
A s  t he  parachute  f a l l s  through t h e  a l t i t u d e  i n t e r v a l  Ah, i t s  hor- 
i z o n t a l  v e l o c i t y  i n c r e a s e s ,  w i th  t h e  r a t i o  o f  parachute  v e l o c i t y  t o  wind 
v e l o c i t y  a l s o  inc reas ing .  A s  long  a s  the  wind v e l o c i t y  i s  g r e a t e r  than  
t h a t  of  the  parachute ,  t h e  parachute v e l o c i t y  w i l l  cont inue  t o  inc rease .  
However, when t h e  wind v e l o c i t y  has decreased  t o  t h e  poin t  t h a t  i t  is  
e q u a l  t o  t h e  parachute  v e l o c i t y ,  t h e  parachute  v e l o c i t y  a l s o  begins  t o  
decrease .  A t  t h e  lower a l t i t u d e s  i t  can be seen t h a t  t he  parachute  ve l -  
o c i t y  i n f l e c t i o n  p o i n t s  occur  c l o s e r  and c l o s e r  t o  t h e  wind v e l o c i t y  
i n f l e c t i o n s ,  and t h a t  t h e  parachute v e l o c i t y  appears  t o  l a g  t h e  wind 
v e l o c i t y  by some "s teady-s ta te"  e r r o r .  
Th i s  "s teady-s ta te"  e r r o r  i s  of i n t e r e s t ,  a s  i t  i s  a measure o f  
t h e  d i f f e r e n c e  between parachute  and wind v e l o c i t i e s  i n  a changing wind 
f i e l d .  Also of i n t e r e s t  i s  the  a l t i t u d e  through which the  parachute  f a l l s  
wh i l e  a t t a i n i n g  t h i s  "s teady-s ta te"  cond i t ion .  
6 
t 
Figure  12 i s  a p l o t  of error vs. a l t i t u d e  f o r  t he  disc-gap-band 
parachute  i n  v a r i o u s  wind f i e l d s . *  The e r r o r  can be seen t o  f a l l  w i t h i n  
an envelope boundary, and a t  t h e  lower a l t i t u d e s  t o  d e f i n e  t h i s  boundary 
curve.  If t h i s  e r r o r  boundary i s  p l o t t e d  vs.  a l t i t u d e  a s  i n  F igu re  13,  
a d e f i n i t e  exponen t i a l  c h a r a c t e r  i s  a t  once noted. 
Analysis  of t h e  response of a r i g i d ,  six-degree-of-freedom para-  
chu te  model (Appendix A) has shown t h a t  t h e  e x p o n e n t i a l  n a t u r e  of the 
e r r o r  boundary observed du r ing  t h e  computer s t u d i e s  i s ,  i n  f a c t ,  due t o  
the exponen t i a l  c h a r a c t e r  of t h e  atmosphere. Appendix A shows t h a t  t h e  
e r r o r  f u n c t i o n  E i s  of t he  form E = (V 
a l lows  t h e  response c h a r a c t e r i s t i c s  of pa rachu tes  t o  b e  compared. When 
t h e  equa t ion  i s  rearranged i n  t h e  form 
2 
/g) (dVw/dh). Th i s  e q u a t i o n  z 
2 
E -  vz - -  
dV /ah g ' 
W 
i t  can  be seen  t h a t ,  f o r  t h e  same wind f i e l d ,  any parachute  w i l l  e x h i b i t  
a n  e r r o r  p r o p o r t i o n a l  t o  the square of i t s  descent  r a t e .  
2 
For t h e  two sys t ems  s t u d i e d ,  F igu re  16 shows the  f u n c t i o n  (vz /g )  
t aken  from computer l i s t i n g s ,  The d i f f e r e n c e  between the  two pa rachu tes  
i s  simply due t o  t h e i r  d i f f e r e n t  drag-to-weight r a t i o s .  
2 
The t h e o r e t i c a l  " s t eady- s t a t e "  e r r o r  (Vz /g)  (dVw/dh) may be com- 
pared t o  t h e  computer-determined e r r o r  E by p l o t t i n g  the f u n c t i o n  (Vz /g)  
2 
a g a i n s t  E 
dVw/dh ' 
I f  t h e  c o r r e l a t i o n  between t h e o r e t i c a l  e r r o r  and computer-deter-  
mined e r r o r  were p e r f e c t ,  a l l  p o i n t s  would f a l l  on t h e  s t r a i g h t  l i n e  
2 
vz 
= - L  
E 
dV /ah g 
W 
Two measures of t h e  degree of c o r r e l a t i o n  a r e  (1) t o  determine t h e  s lope  of 
t h e  l e a s t - s q u a r e s  s t r a i g h t  l i n e  giving t h e  b e s t  f i t  t o  t he  d a t a  be ing  compar- 
e d ;  and (2) t o  determine the  s tandard e r r o r  of t h e  c o r r e l a t i o n ,  de f ined  by 
* 
A l l  of t h e  e a r l y  conc lus ions  were  drawn from t h e  disc-gap-band 
d a t a  s i n c e  they  d i d  not  c o n t a i n  the p e r i o d i c i t y  a s s o c i a t e d  w i t h  
t h e  o s c i l l a t i n g  hemispherical  parachute.  
7 
I I 
where S is  t h e  s t anda rd  e r r o r  of c o r r e l a t i o n  and n is t h e  number of p o i n t s  
being compared. 
chu te s ,  and show how the computed points  compare wi th  the  t h e o r e t i c a l l y  
p e r f e c t  s t r a i g h t - l i n e  c o r r e l a t i o n .  
The c a l c u l a t e d  l eae t - squa res  e lope  and s t anda rd  e r r o r e  are  a s  fol lows:  
I 1 1 
Fig. 14 
D I 8  c - Ga p- 
Band 
Fig.  15 
Hemis- 
pher i c a l  
Least-Squares Slope 1.00777 0.94938 
Standard E r r o r  47 f t .  161 f t ,  
The comparat ively poorer c o r r e l a t i o n  f o r  t h e  hemispherical  para- 
c h u t e  is a p p a r e n t l y  due t o  point  s c a t t e r  from t h e  d a t a  r educ t ion  technique 
d e s c r i b e d  i n  Appendix B. 
Appendix A a i s o  snows the a l t i t u d e  i n t e r v a l ,  from a wind-ve loc i ty  
i n f l e c t i o n  p o i n t ,  through which t h e  parachute  f a l l s  i n  a t t a i n i n g  3 v e l o c i t y  
n 
= V + (V L / g )  (dVw/dh), o r  i n  r each ing the  " s t eady- s t a t e "  e r r o r  condi- vx w - 2 
2 
t i o n ,  which i s  approximately e q u a l  t o  #I = 3Vz /g.  
is shown i n  Figure 16  f o r  t h e  two parachutes .  
A p l o t  of t h i s  func t ion  
The e x c e l l e n t  r e s u l t s  achieved on t h e  disc-gap-band parachute 
prompted an e f f o r t  t o  reduce equ iva len t  d a t a  from t h e  o s c i l l a t i n g  hemis- 
p h e r i c a l  parachute  l i s t i n g s .  
e r r o r  f o r  t h i s  parachute was hampered by t h e  f a c t  t h a t  t he  parachute ve l -  
o c i t y  was o s c i l l a t i n g  about some mean va lue .  
similar t o  Figure 8 showed t h a t  the parachute motion c o n s i s t e d  of 
Determination of t h e  "mean s t e a d y - s t a t e t t  
P l o t s  o f  p o s i t i o n  and v e l o c i t y  
a 
t 
t a h e l i x  superimposed upon a v e l o c i t y - a l t i t u d e  c h a r a c t e r i s t i c  s i m i l a r  i n  
n a t u r e  t o  t h a t  f o r  the disc-gap-band. Ari thmetic  averaging of parachute 
p o s i t i o n  vs. t ime, and a t t e n d a n t  mean v e l o c i t y  and e r r o r  de t e rmina t ions ,  
proved of l i t t l e  value.  
The technique descr ibed i n  Appendix B was a r r i v e d  a t  a s  a method 
o f  determining "mean s t e a d y - s t a t e "  e r r o r  over a l t i t u d e  increments small  
enough t h a t  t h e  d a t a  proved v a l i d .  
While developing t h i s  technique, i t  was discovered t h a t  p l o t s  of 
t h e  hemispherical  pa rachu te ' s  f a l l  r a t e  v s .  a l t i t u d e  d i d  not e x h i b i t  the 
c h a r a c t e r i s t i c  of c o n s t a n t  dynamic pressure u s u a l l y  a s s o c i a t e d  wi th  sub- 
son ic  descent a t  t e rmina l  v e l o c i t y .  This  e f f e c t  can be seen c l e a r l y  i n  
F igu re  5 ,  which compares parachute f a l l  r a t e  from t h e  computer l i s t i n g s  
t o  a c o n s t a n t  dynamic p res su re  curve corresponding t o  the same f a l l  r a t e  
a t  150,000 f e e t .  When t h i s  e f f e c t  was discovered,  computer runs on a 
nonspinning (and t h e r e f o r e  n o n o s c i l l a t i n g )  parachute were performed t o  
see i f  t he  apparent  v a r i a t i o n  i n  parachute e f f e c t i v e  drag c o e f f i c i e n t  
was caused by the o s c i l l a t i o n .  Figure 6 shows the r e s u l t s  of t h i s  com- 
par ison.  The nonspinning parachute does indeed f a l l  w i th  a cons t an t  
dynamic pressure ! 
Some mechanism, as ye t  unexplained, a s s o c i a t e d  wi th  t h e  coning 
parachute b r i n g s  about an inc rease  i n  e f f e c t i v e  d r a g  c o e f f i c i e n t  a s  the 
parachute descends. 
Figure 7 shows the r a t i o  of  e f f e c t i v e  drag c o e f f i c i e n t  a t  any 
4 
a l t i t u d e  t o  t h a t  a t  150,000 f e e t .  A l s o  included on t h i s  f i g u r e  i s  a 
s i m i l a r  curve used i n  previous anaiog s i d l e s  of parachiite b e k v i ~ r .  
~ ~~ ~ 






1. Since wind-sensing e r r o r  i s  p r o p o r t i o n a l  t o  wind  g r a d i e n t  
2 
(dV /dz) and t o  t h e  square of parachute descent  v e l o c i t y  (V ) ,  t h e  most 
f r u i t f u l  a r e a  f o r  accuracy improvement would seem t o  be a r e d u c t i o n  of 
parachute  descent  r a t e .  
W z 
2.  A s  a corsequence of i n s t a b i l i t y ,  parachutes  which e x h i b i t  an 
o s c i l l a t i n g  motion a r e  c o n t r i b u t i n g  an a d d i t i o n a l  e r r o r  component t o  
measured winds because of the motion of t h e i r  c e n t e r s  of g r a v i t y .  This  
e r r o r  component should be e l imina ted  by making a l l  f u t u r e  wind measure- 
ments w i t h  a s t a b l e  parachute  system such a s  the  disc-gap-band. Such a 
parachute would e x h i b i t  a much more favorable"signa1-to-noise" r a t i o  than  
t h e  u n s t a b l e  impervious hemisphere, 
3. F u r t h e r ,  improvements i n  d a t a  r e d u c t i o n  should t ake  i n t o  
account b o t h  wind g rad ien t  and a l t i t u d e  increment through which the  pa ra -  
chu te  f a l l s  i n  a t t a i n i n g  t h e  " s t eady- s t a t e "  e r r o r .  
4 .  F i n a l l y ,  f u r t h e r  research i s  needed on both t h e  immediate 
p r a c t i c a l  problem of reducing the  e f f e c t s  of parachute  motions on f i n e -  
scale wind d a t a ,  and i n  understanding the p h y s i c a l  mechanisms producing 
b o t h  coning and change i n  e f f e c t i v e  d rag  c o e f f i c i e n t .  
10 
For d e f i n i t i o n s  of n o t a t i o n  used i n  F igu res  8 
and 9 ,  p p .  20-103, s ee  Appendix C ,  paragraphs 
3 ,  4 ,  and 5. 
I 
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Figure l a .  Hemispherical Parachute 
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Figure  lb. Disc-Gap-Band Parachute 
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Procedure f o r  conver t ing  C N and C T t o  C L and CD: 
C = C s i n 0 1  + C cos  01 
C = C cos a - C s i n  01 
N D  L 
T D  L 
F igure  2a. Aerodynamic C o e f f i c i e n t s  f o r  Hemispherical  
Parac hu t e5 
* 
Sources:  (a) Hoerner, S.F., F l u i d  Dynamic Draq, publ ished 
by au thor ,  1958, pp 13-24. (b) Heinr ich ,  H.G. ,  “Drag and 
S t a b i l i t y  of Parack. -tes,” Aeronaut ica l  Engineer ing Review, 
June 1956. 
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Procedure f o r  conve r t ing  C and C t o  C and CD: 
C - C s i n  a + C cos a 
C = C cos a - C s i n  a 
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T D  L 
Figure 2b. Aerodynamic C o e f f i c i e n t s  f o r  Disc-Gap-Band 
Parachute* 
* 
Source: Heinr ich,  H . G . ,  Haak, E .L . ,  and Niccum, R . J . ,  
"High A l t i t u d e  Disc-Gap-Band Parachute ," r e p o r t  published 
by Department of Aeronautics and Engineering Mechanics, 
U n i v e r s i t y  of Minnesota, under sponsorship of G.T. 




Figure 3. Typical Wind Profile as a 
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Figure 4. Comparison of Parachute Descent 
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Figure 5 .  Descent Rate vs.  Altitude for 
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Figure 6. Descent Rate VS. Altitude €or Coning 
and Nonconing Hemispherical Parachute 
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Figure 7.  Osc i l la t ing  Hemispherical Parachute Drag 
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Figure 8d. (Page 2 of 8) 
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F i g u r e  8d. (Page 4 of 8) 
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F i g u r e  8d. (Page 5 of  8) 
27 
Velocity (V '1, ft. / sec .  






























Veaocity (vPl g 1, ft. I s e c .  
Figure 8d. (Page 8 of 8) 
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Figure 8e. V d h i t y  VB. Time  for Hemispherical Parachute 
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Figure 8e .  !.Page 3 of  7 )  
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Figure 8 e .  (Page  4 o f  7)  
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Figure  8 f .  (Page 3 of  10) 
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Figure 8 f .  (Page 5 o f  10) 
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Figure 8 f .  (Page 9 c . f  10) 
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Figure 88. (Page 8 of 9) 
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F igure  8h. Error V e l o c i t y  vs. A l t i t u d e  
f o r  Hemis phe r i c a l  P a r a c h u t e  
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Figure 8 h .  (Page 9 of  10) 
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66 
-1 0 - 80 -40 




Error Velocity (E1), f t .  / sec .  












3 4  
Error Veloc i ty  (E1), ft. /sec. 
Figure 8 i .  (Page 2 of  9)  
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Figure 81.  Wind l' ' ' x i t y v s .  , A l t i t u d e  f o r  
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F igure  8m. Wind Velocity vs. Time For 
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Figure 9b. Velocity vs. Altitude for Disc-Gap-Band Parachute 
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Figure 10. Comparison of Error Velocity vs .  
















Wind Profile,  f t . / s e c .  
.... (o...~....~ev~........... Parachute Response, f t .  / sec .  
Figure 11. Wind Profile and Parachute Response VS. 
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The equat ions  of motion o f  a parachute f a l l i n g  i n  a wind f i e l d  a t  
z e r o  angle  of  a t t a c k  can be  w r i t t e n :  
X WX 
F igure  A-1.  x-z Plane P ro jec t ion  o f  Parachute  Showing Forces 
and Ve loc i t i e s  
F = q C S  D D 
F = O  L 
dVx Ivwx - vxI m dt = q CDS 
IVr I 
A- 1 
lVwy - vyl dV $ = qCDS 
- mg. z - l V Z l  dV m -  d t  = qCDS 
These t h r e e  equat ions  desc r ibe  the  motion of t he  parachute ,  when 
cons idered  a s  a r i g i d  body under t h e  in f luence  o f  drag  and g r a v i t y ,  wi th  
~ ' t h e  r e s t r i c t i o n  of ze ro  l i f t .  The t h r e e  equat ions  may be r e w r i t t e n  a s  fol lows:  
4 CDS 
- lvrl 
- p w x  - vx l  - dVX d t  - 
dV qCDS V V 
lvrl 
Y 
d t  = 
q CDS - I vzI .  dVZ + g = 
d t  tVA 
-
" P  c 
Y uD' 
The common parameter - may be e l imina ted ,  reducing the  t h r e e  m V  I rl e q ua t ion  s t o two : 
I z l  
dV 2 + g  dV 
Y = d t  IVwy - vy l  
d t  I vzl  
Over a s h o r t  a l t i t u d e  i n t e r v a l ,  &, t h e  parachute  descent  v e l o c i t y  
Vz may be cons idered  c o n s t a n t ,  and the  f i r s t  d e r i v a t i v e  w i t h  t i m e  
v e r y  much less  than  g r a v i t a t i o n a l  acce le ra t ion .  
d V ~  - 
d t  
A- 2 
I 
Hence, t h e  q u a n t i t y  
dV 
2 + g  
and 
+ 1 4 cons tan t  (k) d t  
I Vz I l V Z l  
over small a l t i t u d e  i n t e r v a l s .  
dV 
dt d t  
Therefore ,  t h e  equa t ions  f o r  - dVx and 3 may be r e w r i t t e n ,  
- d V ~  + kVx = kVwx , 
d t  
and 
y dV + k V  = k V  . 
d t  Y W Y  
The wind func t ion  used i n  t h e  computer s t u d i e s  i s  of  t he  form 
Vwx - Vwxo + ( d > x )  9 
V wy = V wyo + (+) * 
The wind f i e l d  was s imula ted  i n  on ly  t h e  x-z plane; however, t h e  
r e s u l t s  a r e  v a l i d  f o r  t he  y-z plane.  Over small a l t i t u d e  increments  t h e  
d e s c e n t  r a t e  V may be cons idered  cons t an t ;  t h e r e f o r e ,  z 
VWX = V  wxo + [k) *"wx V Z t .  
With t h i s  s u b s t i t u t i o n  of a l i n e a r  t i m e  func t ion  f o r  V 
t i o n  of  motion of  t he  parachute  i n  the x-z plane may be w r i t t e n :  
t h e  equa- wx' 
- dVx + kVx = kV wxo + k ('b) V Z t .  
d t  
The s o l u t i o n  of t h i s  f i r s t - o r d e r  d i f f e r e n t i a l  equat ion  f o r  V i s  
X 
A- 3 
- k t  
vx0 + (1-e vwxo 
- k t  V = e  
X 
- k t  + [ t  - 1-e 
k 
I f  t h e  parachute has  f a l l e n  f o r  a s u f f i c i e n t l y  long time, t ,  a "steady- 
s t a t e ' '  c o n d i t i o n  i s  approached, and the h o r i z o n t a l  v e l o c i t y  may be found by 
1 e t  t i n g  
-k t  
e 4 0  Y 
whence , 
1 vx = v + V Z t  - T; (") vz . wxo 
The f i r s t  two terms of t h i s  equat ion a r e  the wind v e l o c i t y  a t  time, t ,  
(or  a l t i t u d e  z ) ;  hence the equat ion f o r  Vx may be w r i t t e n  
vx = v wx - L k (%) v z .  
The d i f f e r e n c e  Vwx - V 
seen t o  be equa l  t o  
i s  def ined as  t h e  wind-sensing e r r o r  E and may be 
X 
dV 
E =  i; (*) V .  z 1 
The q u a n t i t y  k w a s  shown e a r l i e r  t o  be found by 




is, of course,  t he  wind shear -
2 
z .  
V - 
g 
g r a d i e n t ,  and V r e p r e s e n t s  t h e  parachute 
z 
d e s c e n t  r a t e .  
A- 4 
V 2  z 
I The q u a n t i t y  - may be i n t e r p r e t e d  ae t h e  phyeical d i e t a n c e  be- 
I 8 
~ I 
tween the  parachute  and an i n e r t i a l e s s  wind eenaor f a l l i n g  a t  t h e  eame 
rate  through t h e  earn wind f i e l d . * \  
f a l l s  while  t h e  " s t eady- s t a t e "  e r r o r  is being approached. 
Of a d d i t i o n a l  i n t e r e e t  i e  t he  a l t i t u d e  through which t h e  parachute i 
I 
I 
For parachute and wind v e l o c i t i e r  both i n i t i a l l y  ze ro ,  
, 
t 
- k t  







. ' k  
- ue3 
and the  e r r o r  E may be seen t o  be t h e  "eteady-etatb" e r r o r ,  s 
g 
2 
.9502 - 3Vz 
8 
- k t  
m u l t i p l i e d  by t h e  f a c t o r  1- kt . 
some known value,  and t h e  time t ,  o r  a l t i t u d e  increment & solved for .  
The q u a n t i t y  e may be e e t  equa l  t o  
e 
Table A1 
*Reed, Wilmer H. 111, "Dynamic Response of Rieidg and F a l l i n g  Balloon 
S e n r o r s  w i t h  A p p l i c a t i o n  t o  Estimates of Wind Loads on Launch Vehic- 
lee ,"  NASA TN D-1821, October 1963. 
A- 5 
From Table A1 i t  can be seen  t h a t  t h e  a l t i t u d e  increment Ap may be found 
by t h e  equat ion  
. .  
where 
From t h e s e  equa t ions  i t  can  be seen t h a t  when t h e  parachute  has  
2 
f a l l e n  approximately t h r e e  times t h e  " lag d i s t a n c e "  1 , 
i n g  e r r o r  a t t a i n s  95%/of  i t 8  t h e o r e t i c a l  va lue .  This  same 
reached i n  t h e  r e p o r t  r e fe renced  on page A-5. 
8 
t he  wind sens-  
conclus ion  was 
The va lue  of t h i s  a l t i t u d e  increment,  &, should 6 e r t a i n l y  in f luence  
d a t a  sampling and averaging  i n t e r v a l s .  
A- 6 
APPENDIX B 
The technique f o r  determining e r r o r  as a func t ion  of a l t i t u d e  on 
the  r o t a t i n g  parachute i s  as follows: 
Since the  method o f  supe rpos i t i on  ho lds ,  the two e r r o r  components, 
E and E2, must be of t he  form 1 
El = A + B t  + C s i n  @ + D cos & 
E - C cos  CLe: - D s i n  &, 2 -  
where t h e  component (A + B t )  of E r e p r e s e n t s  a l i n e a r i z a t i o n  of t h e  mean 
e r r o r .  
1 
Both E and E a r e  l i s t e d  a t  1-second i n t e r v a l s .  From E i t  i s  1 2 2 
p o s s i b l e  t o  c a l c u l a t e  the parachute period of o s c i l l a t i o n ,  7. 
I f  t h r e e  p o i n t s ,  c l o s e l y  spaced i n  t i m e ,  a re  s e l e c t e d  such t h a t  
= t  - A t  -1st o t 
the three va lues  of E. corresponding t o  the t h r e e  p o i n t s  i n  time may be 
used t o  f ind  t h e  e r r o r  E 
performing the fol lowing m u l t i p l i c a t i o n s  and summing 
1 
A + B t  a t  t i m e  to. This  i s  accomplished by 1 =  0 
0 
The ang le  e i s  found by 
Ippr, 
7 e =  





i The dynamic model and equat ion0 of motion, which are now programmed 
and o p e r a t i o n a l  i n  an IBM 7040 computer, a r e  summarized below. 
I 
I Two coord ina te  s y s t e m  are u t i l i z e d :  a ground coord ina te  syetem , 
I 
based on a f l a t ,  n o n r o t a t i n g  e a r t h ,  and a body a x i s  syetem. 
1. Ground Coordinate  System, gi 
Orig in  - a t  i n t e r s e c t i o n  of plumb l i n e  from parachute  deployment 
po in t . and  e a r t h ' s  s u r f a c e  
g1 - 82 plane - normal t o  plumb l i n e  
g1 a x i s  - east 
g2 a x i s  - n o r t h  
g3 a x i s  - up, i n  plumb l i n e  d i r e c t i o n  
The g r a v i t a t i o n a l  f o r c e ,  wind, atmoephere, and i n i t i a l  p o s i t i o n  
and v e l o c i t y  a r e  de f ined  i n  t h e  gi system, The parachute  p o s i t i o n  and 
v e l o c i t y  a r e  s p e c i f i e d  i n  t h i s  system as ou tpu t s ,  and t h e  error fiiiietfoii 
( the  d i f f e r e n c e  between parachute  and wind v e l o c i t y )  i e  expressed  i n  t h e  
8 system. 
2. Body Axis System, bi 
i 
Orig in  - a t  t h e  parachute-payload CG 
bl - b plane normal t o  l i n e  j o i n i n g  CG wi th  canopy crown 
b3 - a long  l i n e  j o i n i n g  CG with canopy crown, p o s i t i v e  i n  
2 
d i r e c t i o n  o f crown. 
c- 1 
Since the axis bg is a principal ax i s ,  the inertia tensor [I] Is 
defined in the bi system, 
this system, and the aerodynamic forces and moments are beet suited to compu- 
The aerodynamic coefficient8 are defined in 
tation in this system prior to transformation into the 8 
c ompu t at ion. 
system for trajectory i 
The transformation between the g system and the b i i system is: 
where [a 
originally as an initial condition, computed by using the componente of the 
angular velocity vector, ~, obtained from Integration of the differential 
3 is a time-dependent coordinate transfornation matrix specifled 
r j  














Damping Moment Coefficient 
Drag Force 
Unit s -
Dimens i onle s a 
Dimensionless 




Parachute Great Circle Diameter ft. 
Wind-Sensing E r r o r  ft, Isec. 
c -2 
Symbol Uni t s  
f t  . I s e c .  




D e f i n i t i o n  
G r a v i t a t i o n a l  Constant IGI 
;L 
G Gravi t a t  i ona 1 Acce l e r a t  i o n  
Unit Vectors  Along Ground Axes D imen s i o n  l e  s 8 
2 
h e r  t i a  Tens o r  f t . - l b . / s e c .  
L i f t  Force lb . 
Aerodynamic Moment f t . - l b .  
Aerodynamic Damping Moment f t . - l b .  
T o t a l  Moment Due t o  Magnus Force f t .  -1b. Mmt 
Components of Moment Due t o  Magnus 
Force f t . - l b .  
Mass l b .  - s e c . 2 / f t .  m 
2 
l b . / f t .  Dynamic P res su re  
Posftizn ?!ector f t .  
f t .  
2 T o t a l  Parachute  Great C i r c l e  Area 
Ve loc i ty  Vector  
Weight Force 
f t .  I s e c .  
l b  . 
Dis tance  from Parachute  Center of 
P r e s s u r e  t o  Center of Gravi ty  
Y 
f t ,  
a! Angle of At tack  r a d i a n  
1 b . - s e c . / f t .  2 
2 4  l b .  -sec.  / f t .  
C o e f f i c i e n t  of V i scos i ty  U 
Mass Densi ty  
Angular Ve loc i ty  r a d i a n l s e c .  
c-3 
4. S u p e r s c r i p t s  
S u p e r s c r i p t  
b 
5. S u b s c r i p t s  







D e f i n i t i o n  
I d e n t i f i e s  vec to r  reso lved  i n t o  b .  system 
I d e n t i f i e s  vec to r  reso lved  i n t o  g system 
i 
1 
D e f i n i t i o n  
I d e n t i f i e s  components of v e c t o r s  a long  axes 
of system i d e n t i f i e d  by s u p e r s c r i p t  
Refers t o  parachute  








lvrl + Vrpbl 
V 





Mm2 = Mmt b 
= o  b M m ~  
c-5 
I 




3 1  
I 




Vr3 - -1 01 = cos 
8 g 
Elg = V PI 
E2g = V P2 - Vw2g 
z jg  = " P3 - - "w3- 
- vwl 



















Functions of  (Y 
g 
P3 
Functions o f  R 
The o u t p u t  l i s t s  the pertinent i n i t i a l  condit ions;  and l i s t s  
as  functions of R g-  
P3 - 
R g  p l  R g  p2 v w l  g vw2 g vw3 g ’ P W I ’  v g  p l  ’ v g  p2 v g  p3 
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